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ABSTRACT

This study analyzed two Liquid Phase Epitaxy (LPE) grown Al,Ga;_4As samples. One
sample was electron irradiated with 1 MeV electrons, the other sample was non-irradiated.
The goal of this study was to see the effect of the electron irradiation and characterize any
trapping states encountered. Deep Level Transient Spectroscopy (DLTS) was used to
analyze the samples. Only one trap was encountered in the non-irradiated sample, the so
called DX center [1], while eight states were found in the irradiated sample, including the
DX center. From a discussion of the experimental results, it is concluded that the electron
irradiation had no noticeable effect on the DX center, that the irradiation was responsible
for the additional trapping states encountered in the irradiated sample, and that point defect
modeling is accurate in characterizing the five of the seven irradiation-induced states. A

summary of the DLTS trap parameters is given.
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I. INTRODUCTION

The fact that semiconductor device speed and performance are affected by band gap
defect energy states is well established. Abundant research has been and continues to be
devoted to the characterization of these defect states or "traps". The goal of this type of

research is to understand the basic physics of these traps in an effort to enhance device

performance and guide device fabrication. III-V compounds like GaAs and Al,Ga;.xAs
have been the focus of much attention in this field because their high switching rates make
them ideal for microwave device and high-speed circuit applications. Electron irradiation of
semiconductor samples introduces intrinsic defects, such as vacancies and interstitials, into

the lattice structure in controllable amounts, and these defects can then be studied [2]. In

this study, two samples of Al,Ga;_,As grown by Liquid Phase Epitaxy from the same
crystal, one electron irradiated, the other non-irradiated, were analyzed. The purpose was
to compare the two samples to see the effect of the irradiation, and to characterize any
trapping states encountered. The main technique used to study these samples was Deep
Level Transient Spectroscopy, DLTS, developed by D. V. Lang in 1974 [3].

The report is separated into four sections beginning with this introduction and moving
on to a section on applicable semiconductor theory, the data results and analysis section,
and ending with a section on the conclusions drawn from this research.

II. THEORY
A. Depletion Region Physics

Most of the information obtained about trapping states arises from analysis of the

physics of the depletion region, or space-charge layer, at a p*n junction or Schottky barrier

of a semiconductor. If one assumes that the impurity concentration changes abruptly from

donor to acceptor, and that the acceptor concentration, N is much greater than the donor

concentration, N, then one has as an abrupt p*n junction. See Figure la. For the n-type
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FIGURE 1: Ideal step junction (or n-type Schottky
barrier) at zero bias (a) space charge
distribution. (b) electric field
distribution. (c) band-bending diagram.




Schottky barrier samples used, this is a valid assumption. Figure 1b and 1c show the
electric field distribution and band bending diagram over the region. By solving Poisson's

equation one obtains a relation for the depletion region width:
2 es(V b,+V B)

q(Np+n7) ()

where Vy,; is the bulit-in voltage, Vp is the applied bias, € is the permittivity, Np is the
ionized donor concentration, nt is the ionized trap concentration, and q is the charge on the
electron. If one defines C=dQ/dVp as the depletion region capacitance, where dQc is the

change in charge per unit area for a given change in bias voltage dVpg, then rearranging

equation (1) yields:
_ dQc vqes(ND"’ nT) 2
Cs =N vy PEem @
Note that:
1 2

— = (vbl+vB ) 3

C° qe,(Np+n)
And:

dch _ 2
dVB qss(ND+ nT)

C))

Thus 1/C2 is proportional to Vg and the slope of the 1/C2 versus Vg curve is 2/qe(Np +

nt) (4]. By taking capacitance versus bias voltage measurements one can obtain the
background doping concentration for the sample.
B. Emission Theory

Since DLTS relies on the emission of carriers by traps to characterize trapping states,

it is important to understand the physics of carrier emission. Transitions between a trap




i and conduction band in equilibrium obey the principle that the emission rate is equal to the
P capture rate for a given trapping state (see Figure 2). The application of this principle and
the use of Fermi-Dirac statistics leads to an expression for the emission rate of a group of
traps.
Ie Ce
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FIGURE 2: In thermodynamic equilibrium, the emission
rate, reis equal to the capture rate, r.

The capture rate, 1, and the emission rate r, are given by:
r.=0ov,n {1-f(E,)] Nt (&)
re=NtR,f(E,) (6)

where ¢ is the trap capture cross section, vy, is the thermal velocity, n. is the number of

electrons in the conduction band, f(E;) is the Fermi distribution, N is the trap

concentration, and R, is the trap emission rate. By setting these two expressions equal to

each other, and substituting the Fermi distribution, one can solve for the trap emission rate:

JE °
Ry=vyone kT M ]
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where E, is the energy difference between the conduction band and the sum of the trap

energy and capture energy. The number of electrons in the conduction band and the

thermal velocity are given by the following expressions, where k is the Boltzman constant

and ye is the effective mass of the electron.

2 KT % Y
nc=2{ - } vlh=[3kT] (8.9)

B e

Substituting into equation 7 yields:

R,= ATZ E/T) (10)
where:
2
g
A=4Y6 Hek (11)
1:|3

Equation 10 gives the rate at which an electron will be emitted form a single trap with

energy E, at temperature T. By rearranging equation 10 and taking the natural log of both

sides, one obtains the following expression:

2
T _El%
1"(RT}‘(¥ - In(A) (12)

Note that this is a linear relation between the natural log of T2/R and 1/T. The slope is E/k

and the intercept is the natural log of A. This type of plot is called an Arrhenius plot.
Thus, if one can measure the emission rate of the trap, one can determine the trap energy
and prefactor, A.
C. Capacitance Transient

Now that it has been shown that the rate of trap emission yields valuble information
about trap parameters, it is important to understand how the capacitance transient measured

by DLTS yields information on the trap concentration. As shown before in equation 2,




capacitance is proportional to the square root of the sum of the ionized donor and ionized
trap concentrations. For the purpose of the following derivation, the constant of
proportionality will be arbitrary, and denoted by y. The capacitance at the end of the trap

filling pulse is then given by the following expression:

And the capacitance at an infinite time after the filling pulse, i. e. a sufficient time for the

traps to thermally emit their electrons is then:

C,,=‘Y4ND+ NT (14)

The capacitance at any time, t, after the filling pulse is:

=7V Np+ Npae™h (15)
where Nt is the number of traps per cubic meter. Now let AC(t) be defined as the

capacitance transient as a function of time, which is equal to C(t) - C. Substituting the

above expressions and rearranging, one obtains the following relationship for the ratio of

the transient capacitance to the quiescent capacitance.

AC() _ ,\/ Nt Ru
<. NNy ! 10

Assume N/(Nt + Np) « 1 and use the binomial expansion to obtain the following:

ACy _ 1 Nq Rt
C.. - 2Nt+Np

(17)

which evaluated at t = O and rearranged gives the approximate value for the trap

concentration, Nt.

2AC
Ntz -5 9Np forNp«Np (18)

It has been shown (5] that a correction factor is needed to account for the traps that are
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below the Fermi level in the depletion region, which don't participate in the capture or

emission processes. The final expression for N is:

-2AC Vg + Vi

(VVBi+ Vi - JE—:)z - (4 VBo+ V- 'fE_Jz

where the applied bias pulse ranges from Vg to V.
D. DLTS System

The DLTS system used for this study is of the standard type [6]. There are,
however, a few specifics that need to be mentioned before continuing on to the results
section. The device used to sample the output transient signal is a waveform eductor,
which averages the signal over one hundred channels whose parameters may be controlled
by the operator. Temperature sweeps were made using a closed cycle helium refrigerator
made by Air Products and Chemicals, Inc. which included a Model DE202 Expander
Module and a Model K temperature controller with IEEE bus.
E. DLTS System Rate

A DLTS system generates a signal peak when the system emission rate corresponds
to the trap emission rate. The following is the derivation of the emission rate of the system

used in this study. Assuming an exponential transient capacitance signal,

S =AC,e™ 0)

where AC is the amplitude of the transient, and R is the emission rate. The signal

generated by the I and J channels of the waveform eductor is then:

1 (" 1" '
SI"':ﬁf Sldt-,—rtf Sldl 21
by t3
where: t=start of channel I ty-ty=time of channel, TC
ty=start of channel J ty=end of channel J
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By integrating this equation and substituting in the appropriate parameters, the following

expression is obtained for the waveform eductor signal as a fraction of AC.

S1y _ ™™
AC, TC®)

[e.xcrcm_c -J(rC)R] (22)

where TD is the time delay between the end of the bias pulse and the beginning of the first

channel. A computer program, WFE.RATES, was used to find which R gave a maximum
signal for a given 1,J. This program also calculated the fraction of the signal to ACy which
is needed to give the proper AC, for use in equation (19).

F. Al,Ga;_xAs Sample History
The samples used in this study were grown by Liquid Phase Epitaxy. Both samples

were grown from the same crystal. The aluminum fraction, x, for each sample is 0.3. The
samples are of the Schottky barrier type. An n-type LPE Al,Ga;_,As layer was grown on

an n-type GaAs substrate (n=1018 1/cm3) with a thin GaAs buffer layer (n=1017 1/cm3).
The LPE layer was unintentionally doped at about n= 5 x 1016 1/cm3 with the most
probable dopant heing Si. The ohmic back was a Sn-Ag alloy and the Schottky pads were
15/1000 inch diameter gold. The samples were silicon capped and annealed at 800°C. One
sample was then irradiated at 300K with 1MeV electrons to a fluence of 1 x 1016

electrons/cm?. This sample was annealed a second time at 800°C. These samples will be
referred to throughout the paper by their assigned laboratory codes. The non-irradiated
sample code is $220-BB and the irradiated sample code is S220-BD.

Now that the background theory has been covered, it is time to look at the results of the
data taking and analyze these results for relevant and reasonable conclusions.
III. RESULTS AND ANALYSIS
A. Capacitance vs. Voltage Data

Capacitance versus applied bias voltage measurements were made on each sample for a
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variety of temperatures, ranging from SOK to 450K. These data sets were changed into

1/C2 vs. Vg curves from which slope was determined. A computer program was used to

make a least-squares fit of each data point and the four points on each side of it. These

computer generated slopes were then converted into a plot of the background doping, N,

as a function of position, x, measured from the junction. Figure 3 shows a comparison of
two such plots for S220BB and S220BD at 400K. Note that Figure 3 shows a decrease in
the amount of background doping in the irradiated sample in comparison to the
non-irradiated sample. This is caused by the capture of donor electrons by trapping states,

electrons that would normally be emitted to the conduction band and swept out of the

depletion region. Figure 4 shows several Ng(x) plots for a range of temperatures for

®
sample S220BD. Note that as more thermal energy is available at higher temperatures,
more trapping states are ionized and a subsequent increase in Np is observed. The
following table is a compilation of the C-V data results, listing Ng for both samples and the
ratio of Ng(§220BD) to Ng(5220BB) for several temperatures.
. S220BD
T(K) | Np -S220BB [ N» -S220BD l N p Ratio { S220BB
S0 4.2x 1016 jcm3  2.2x 1016 {cm3 .52
100 | 5.5x10% 3.0x 10%® .55
200 | 5.7x10%® 3.5x 1018 61
300 | 6.8x10%® 3.8x10%¢ .56
400 | 7.0x10%® 4.2x10!® 60
450 | 7.5x10%¢ S5.0x 10 67
TABLE 1 : Summary of Capacitance vs. Bias Voltage Measurements
o

B. DLTS Data
After the capacitance-voltage measurements were completed, the next step was to begin
the DLTS runs. The first runs on each sample were made by sweeping over the entire

temperature range from about 20K to 450K. The goal of these first runs was see what kind




13

*300¢ 1@ a(dwes yoea 4oy 8y smoys j01d stuy :¢ Fwnol4

(2=-31)

(w)x

t £ é

i e | -, iy

1---d11—-Jl—Jqd-u‘--J-ﬁ-—----d

Q9egzs o

[ .............. .r...l.ll.l......!...........I.. N

- 4% e

990225 e £

P---L-y-b’-r»--b\-h-—-LLb-r-D-!-—-h-!--

(ccdl»




14

*@g022s @1dwes 4o0j uoyjounl ayy ur uoyjrsod
40 Uo13duUNny e se gy ‘uojilediluaduod buidop punoubideg v JUN9I4

(2=312 CW A
3 5 14 £ ¢

-*-«-\-d-dln—-qld--q-—----d—----d-—--d--j—-dwqu---l
- — ABS ]
p -I -
- LY v.o )l J
le ] - 9y - — -
r ™ - nJ.-'c- -‘-- s L

R RN R ABBT :
o . * ‘e u?l'l- - -
S St JYAET :
: | AdBe :
o [o— - -
: —~— - d@eg :
- ot o .
= 3 o -
C . -t ) .
- T iy ABSP |
e 2 - A -l- — L
o . .' . .' -y
s -e - — -

- o nl Il- L u
X 1oL i ]
ad . -j.ll -
e . ——— - -
- - - ll-‘l- -
” Illnl llj. u
- ag98ees .
- L
lblhh-b-b—-hP--h-b-\--l-x-\P-—n!-r---PB—hbnnnnn-—-p-rpnnbl

0J
.

CEvHW-/T 23N




15

of DLTS spectrum each sample generated in order that a general feeling could be attained
about what trapping states were present in each sample. Figures 5 and 6 show the general
spectrum generated by each sample. As one can see, only one trapping state is shown for
the non-irradiated sample. This low temperature peak (~150K) is the DX center. The
irradiated sample however shows at least six states, and they are labeled E1-E6 on Figure
6. Trap E2 is the DX center. Since both samples contained this state, it was decided to
first characterize the DX center in each sample and compare the results to see if this defect

was affected by irradiation. The results of subsequent DLTS runs for this peak gave an

activation energy, E; = 0.32 + 0.01 eV and a prefactor, A = 3.9 x 108 (range 1.4 x 108 to

1.1 x 109), for the non-irradiated sample. For the irradiated sample, E,=0.31 £ 0.01 eV

and A = 1.2 x 108 (range 4.3 x 107 t0 3.2 x 103 ). As one can see the energies agree quite
well. Also, if one considers the fact that a small change in slope‘on the Arrhenius plot has
a large effect on the intercept, the difference in the prefactor values becomes acceptable.
Any A values of the same order of magnitude can be considered to be equal for this kind of
study. The similarity of these trap parameters led to the assumption that the DX center was
unaffected by electron irradiation, however one more parameter was checked to verify this

assumption. From equation 19, the DX center trap concentration values were calculated.
S$220BB had an N7 = 4.8 x 10!5/cm3 and $220BD had an N = 2.3 x 10!5/cm3. At first
look, these values would seem to invalidate the hypothesis that the DX center was not
affected, however it has been shown [7] that the amount of DX centers is so greatly
affected by the aluminum mole fraction, that the value of N can change by more than an
order of magnitude even across a single sample if the aluminum mole fraction is not
constant. It is quite reasonable to assume that the aluminum mole fraction is not uniform
throughout these samples, and that values of Nt that are within a factor of 3 are reasox{ably

equal. Therefore, it was concluded that the DX center was unaffected by the electron

wrradiation.




16

SW 0L 40 yIpiM 3sind ‘ggozes 40y wNuIdAdg S0 S IUNII4

(231> (M1

b £ 2 I

-i-d--wuuq----‘—1--ﬂdJ-]-—--l-d-J-—--d--1-

i L
i e
, 4 ..
n.. - - m ﬂl
b ..- L
. g 4
W. . . - .ﬂl .
i 483U30 ¥Q --> . 4 (4d)91s
i : .... 168~
A . 1
: P j i
I ! s 1
N - ‘:‘-r.n---on‘lu b @
I VP TS Ay e, I g ;e

lnlbtb--—hh--P«-—-P;--—---nF-—---bFFl m.
(1-31)




17

*sw O} 40 ypim asind ‘Qgozes 40 wndi1dads S11a 19 JYN9IA

¢23T) (1L
b P z I

LI BRI -Jd-d-]-‘--dd—-dinquudd-‘—dd LI | -d-d—-]-dj-l
5 .
- P L
: ” lg°1-
: 433UB3 KQ --) ]
o : J1-
o -
s ’ -
. (1d)91s
- oA, 5 . .
o sn % .s‘.u.oﬂ.r . .
o S f.. .n. ....._c.w..:.. : . b m -
” iR % o “
L / ey " ; ' ]
i S ~ : B . )
- Ry Mt D
i 283 3 +3 =3 2d 13 ]
IL-I-Pth_nn\P- nth!-\-lt 2R 2 1 --r- b-bLh--L 1 5 149 -h-bL m

P
>y

| .
Ll
>t
St




B M

18

After analyzing the DX center, the next task was to characterize the states seen in
S220BD that were not seen in S220BB. As labeled in Figure 6, these new states are E1,
and E3-E6. Since peaks E1 and E4 lay on the shoulders of E2 and ES respectively, the
first step was to try and separate the peaks so that overlap did not cause error in the ensuing
analysis. By narrowing the width of the filling pulse, traps with slow capture rates would
not be filled and their contribution to the DLTS signal would disappear. Using a narrow

pulse width resulted in the disappearance of E2, E3 and E4 from the DLTS output. See

Figure 7. Using these data, E, and A values for traps E1, E5 and E6 were calculated. To

obtain data from which to calculate these parameters for traps E3 and E4, the narrow pulse

width data files were subtracted point for point from the wide pulse width files. This

subtraction yielded a signal output with peaks E3 and E4 alone. E,and A values were then
obtained for these two states.
Now that the DLTS parameters had been calculated for all six states, it was time to test

their validity. This was done using a computer program that would give a theoretical DLTS

system output based on the input of E; and A for each trap. Inputing the data obtained from
th_e previous analysis yielded the output shown in Figure 8 in which it is compared to an
actual DLTS run. The fit of theory to the data was not unreasonable, but there was room
for improvement. The fit falls short of expectation in the regions of E1, E2 ( the DX center

), and E4. It has been shown [8] that the DX center is a complex defect and does not have

an exponential emission rate. This means that a point defect model (single E,, single A)
based on exponential emission (which the DLTS system is) will not accurately describe the
DX center. The purpose of calculating point defect parameters for E2 was merely to
provide a basis for the comparisons made between the two samples. However, an attempt
was made to improve the analysis in the regions of E1 and E4. A closer look at the
comparison in the region of E4 (see Figure 9) suggests that there is another state between

E4 and ES. This state was labeled E4A. By using point by point subtraction of the theory

N4
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and actual data run files, a peak for E4A was generated and analyzed. Noticing that the
actual peak E1 was too broad to be a single state (see Figure 10) the same technique was
used to obtain peak E1A and calculate its parameters. This revised information was used to
make another theoretical DLTS output for comparison with the actual output. See Figure
11. Note that the theory matches the actual quite well, with the exception of the region
around E1 and E1A. This study is willing to claim confidence for the values obtained for
E4A and E3-E6, but will admit that its interpretation of the data for E1 and E1A is not
unique and that there may be more physics involved in that region than can be described by

the point defect modeling used in this study. A summary of parameters for all the traps

analyzed is given below.
TRAP| Be eV | A [Nrx10™im3| rtiem | 0. x10%%cm?
El 0.18  3.6x10* 1.0 .01 2.4
EtA| 015 1.6x10* 2.2 .02 1.1
E2 0.3t 1.2x 108 19.0 N. A 7900
E3 0.37 6.0x10° 1.0 .01 40
E4 0.62 7.7x10° 4.9 .05 51000
E4A | 0.59 3.4x 107 5.0 .05 2300
ES 060 3.0x10° 11.5 11 200
E6 0.85 3.4x107 145 A5 2300

TABLE 2 : Summaryof DLTS trap parameters for S220BD. Trap
(activation) energy, E, ; prefactor, A ; trap concentration,
Nr; introduction rate, r = Nt/ fluence ; ¢, is the capture
cross section at T infinity.
IV. CONCLUSIONS
The above analysis leads to the following conclusions. First, tue DX center is
unaffected by electron irradiation, as one might already expect given that it is a complex
defect. Second, that since irradiation was effectively the only variable in the fabrication of
these samples, the states seen in S220BD that were not present in S220BB were irradiation
induced. Third, that since traps E3-E6, including E4A were modeled very effectively using
a point defect model, they must be point defects and not complex centers. '

The best hypothesis as to the nature of the defects would be due to displacements in the

As sublattice resulting in As vacancies or interstitials [9]. However, comparison with data
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on Aleal_xAs samples from previous work [10] on samples with other n-type dopants

does not show good agreement with respect to energies, introduction rates or capture

cross-sections. The best agreement with states measured by previous work is with studies

by Mooney [11], where trapping states in n-type Si-doped Al,Ga;_,As were measured as a

function of substrate growth temperature for Molecular Beam Epitaxy (MBE) growth. This
work found that lowered substrate temperature resulted in states with energies of 0.77eV,
0.62eV, 0.36eV, 0.30eV, 0.26eV and 0.18eV which are in fairly close agreement with
states found in the work reported here. This comparison is not surprising since low
substrate temperature can result in atoms not reaching their equilibrium positions in the
growing crystal, thus resulting in native defects such as the vacancies and interstitials

resulting from electron radiation.
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